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Growth of single cells into colonies in semisolid
medium has been widely used both as a measure of
the clonogenic potential of normal and transformed
cells (Park et al., 1971; Thomson & Rauth, 1974;
Courtenay, 1976; Metcalf, 1977; Buick et al., 1977;
Hamburger et al., 1977; Salmon, 1980) and as an in
vitro marker for cellular transformation
(Macpherson & Montagnier, 1964; MacAllister &
Reed, 1968). Growth of cells in semisolid medium
also has been used to measure the effect of various
cytotoxic and non-cytotoxic agents on clonogenic
tumour cells (Salmon et al., 1978; Tveit et al., 1980,
1982; Von Hoff et al., 1981; Meyskens et al., 1981).
The relation between the number of cells plated
and the formation of clusters and colonies, defined
here as growth units, should be clearly defined to
assure valid interpretation of perturbations of
clonogenic cells. The frequency and extent of
proliferation to form growth units has been
regarded as a function of the clonogenic capacity of
the tumour sample together with the conditions of
culture. However, many of the effects of the
conditions of culture remain undefined. Therefore,
because clonogenic assays are generally closed non
re-fed systems, we have examined the relationship
between the number of cells plated, the number of
growth units formed, the relative frequency of
growth units containing different numbers of cells,
and the total number of cells formed within the
growth units. We found that the cloning efficiency
and proliferative characteristics of clonogenic cells
in agar is significantly determined by the number of
cells plated.
Murine melanoma cells (CCL 53.1) were grown
in medium (FIO plus 10% horse and 2% heat-
inactivated foetal calf-serum) as monolayers in
plastic Falcon flasks. Treatment with Tryodes
solution removed the cells and produced
suspensions of single cells. Different numbers of
cells were plated in 1.0ml of medium containing
0.3% agar (Bacto) over 1.0ml of 0.5% agar in
medium in 35mm diameter Petri dishes. The plates
were incubated in a humidified, 5% Co2, air
atmosphere at 37°C for 18 days. Every group of
cells (containing greater than one cell) was counted
in randomly selected 1, 2.5, or 6.25mm2 areas. The
mean +s.e. number of growth units per area was
multiplied by 908 mm2 per 35mm culture dish to
obtain the total number of growth units per culture
dish. The number of growth units of different
diameters was calculated using the relative
frequency of growth units by size, obtained by
direct measurement of 200 growth units per plate
with a micrometer, and multiplying by the total
number of growth units per plate.
A nomogram was constructed to determine the
number of cells per growth unit. This was done by
direct visual observation in growth units containing
<8 cells. For larger growth units stacking and
crowding of cells prevented accurate counting so
5-10 growth units at each 10pm interval diameter
were plucked with a micromanipulator and the cells
counted in stained preparations. The total numbers
of cells within the growth units were calculated by
multiplying the frequency of growth units of each
size by the number of cells per growth unit and
summing. The estimate of the number of population
doublings is a minimum number as it was assumed
that all progeny cells were capable of doubling and
no cell loss occurred.
We examined both the size and frequency of the
growth units in relation to the number of murine
melanoma cells plated. The relationship between the
number of cells plated and the distribution of
growth units by size is shown in Figure 1A,B. The
size of the growth units decreased as the number of
cells plated increased, which was true even at low
numbers of cells plated per dish (Figure LA). For
example, when 150,000 cells were plated, 40% of the
clonogenic cells produced groups of cells <30gm in
diameter (4 cells). Only 2.0% of the clonogenic cells
gave rise to colonies >80pm in diameter. As the
number of cells plated was decreased, the number of
larger growth units increased. For example, when
500 cells were plated, only 10% of colonies were
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Figure 1 Relationship between the number of murine melanoma cells (CCL 53.1) plated and the number and
diameter of growth units. a: Illustrates 0 to 104 cells plated. b: Extension of range to 15 x 104 cells plated.
Relative s.e. averaged 6.75% of the means and were omitted for clarity. Symbols for b the same as for a.
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<90pm in diameter (64 cells) and >77% of
colonies were > 140pm in diameter (256 cells). For
each number of cells plated, we also calculated the
total number of cells in growth units. Whether
50,000 or 100 cells were plated the total number of
cells in the growth units was nearly the same (8-
10 x 105) after 18 days of culture. At the highest
number of cells plated (150,000), the number of cells
in the growth units was actually decreased (to
4 x 105), probably due to exhaustion of nutrients
by the large number of single cells plated initially
which consumed nutrients before even small growth
units were formed. These data are consistent with
the study of KHT tumour cells plated in agar by
Thomson & Rauth (1974). They found that colony
formation and size decreased when large numbers
of cells were plated.
The observations detailed above are not peculiar
to cells from this murine melanoma line. We have
performed similar experiments with cells from
several cell lines of human origin (ovarian, HEY;
multiple myeloma, RPMI 8226; adenocarcinoma of
colon, WIDR; small cell carcinoma of lung,
NC1417; melanomas, 81-46A, 82-7A) and with cells
from biopsies of melanoma tissues from 5 patients
and obtained the same general results. For example,
the cloning efficiency of 60pm diameter growth
units of the murine melanoma line was essentially
constant until >25,000 cells were plated (Figure.
IB, 2A) then it decreased rapidly. The other cell
types examined also maintained relatively constant
cloning efficiencies for 60pm diameter growth units
at lower number of cells plated (Figure 2A,B) and
had marked decreases in cloning efficiencies at
higher numbers of cells plated. Note that the range
of constant cloning efficiencies varied among the
cell types. Furthermore, cloning efficiencies
decreased at both high and low numbers of cells
plated for 4 to 5 melanoma biopsies (Figure 2B).
This general decrease in cloning efficiency seen with
large numbers of cells plated is consistent with the
data of Tveit et al. (1982). They showed that plating
2x l04 tumour cells ml-' instead of 2x I05 to
5x 10 gave relatively higher cloning efficiencies;
27% of melanoma tumours had cloning efficiencies
>1%.
A significant effect of these observations is that
linearity and non-linearity in the formation of
growth units depends on the size of the growth unit
and the number of cells plated. For example, for
25,000 cells plated formation of growth units
<70pm in diameter (32 cells, minimum of 5
population doublings) was in the linear range, but
for larger growth units the frequency of formation
was in the non-linear range. Thus the larger the
growth unit, the shorter the range of linearity for
growth unit formation.
This limited range of linearity has a substantial
effect for the interpretation of clonogenic assays. As
expected from the above observations, we found
significant effects of using different growth unit size
criteria on dose-response curves. We studied the
effect of melphalan on growth unit formation using
5,000 murine cell line cells per plate. There was a
dose-dependent inhibition of 60pm diameter growth
unit formation (Figure 3A). However, using larger
diameter growth units, there was no inhibition and
"stimulation" with the lower doses of melphalan.
The 0.5pgmlP' dose greatly inhibited formation of
60pm diameter growth units to 18% survival while
it "stimulated" the 149pm diameter growth units to
264% survival. Higher doses inhibited all growth
unit formation.
These results corroborate our description of the
relation between number of cells plated and
formation of growth units (Figure 1A,B).
Specifically, at 5,000 murine melanoma cells per
plate the formation of 60pm diameter growth units
was in the linear range. Thus agents that inhibit a
portion of the cells from proliferating, such as low
doses of melphalan, should decrease the number of
60pm diameter growth units, just as we observed.
However, at 5,000 cells per plate the formation of
149pm diameter growth units was not in the linear
range (Figure IA). Thus, partial decreases in the
effective cell number should increase 149pm
diameter growth unit formation, presumably by
allowing the remaining cells to consume the
nutrients which would have been used by the
inhibited cells and their progeny. Thus this would
only be an apparent stimulation which is actually
due to agent induced partial inhibition. This
"stimulation" of large growth units was observed at
lower doses of melphalan (Figure 3A). Furthermore,
if the agent inhibits enough to lower the effective
cell concentration into the linear range for the large
colonies, then inhibition should occur and we
observed it for 1.0 and 10.0pgml-1 melphalan
doses. Similar results were found for cells from a
melanoma biopsy tested with actinomycin D
(Figure 3B), with the low dose causing a
"stimulation" that increased with the size of growth
units used to define the survival curve. The limited
range of linearity may also affect the analysis of
agents that stimulate proliferation of clonogenic
cells. If the number of cells plated is near the point
where cloning efficiency decreases then a stimulating
agent may produce an apparent "inhibition" of
growth unit formation.
Our data suggest that the apparent cloning
efficiency and proliferative characteristics of
clonogenic cells in agar are significantly determined
by the number of cells plated. Thus the
interpretation of parameters of clonogenicity such
as cloning efficiency, extent of proliferation, and
survival curves of cells which grow in semisolid
medium should be interpreted with considerable
caution.
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Figure 2 Relationship between the number of cells plated and cloning efficiency of >60Qm diameter growth
units. a: Cells from 7 cell lines, 0 myeloma, 8226; 0 ovarian, HEY (R. Buick); * colon, WIDR; EC lung,
NCI 417 (D. Carney); melanoma, A C8146A, A C827A and e murine CCL 53.1 respectively. b: Cells from
biopsies of human malignant melanoma, 0 patient 826, 0 patient 8157, * patient 8056, C1 patient 827A,
and A patient 8054. Mean + s.e. are shown; no error bar means s.e. was smaller than symbol.COLONY SIZE IN AGAR 867
a
250 200- b
200-
150
150-
o 0~~~~~~~~~~~~~~~~o
100
50-
50
0 0.01 0.1 0.5 1.0 10.0 00005 0.10
Melphalan (pg mlF1) Actinomycin D (pg mlI1)
Figure 3 The effect of growth unit size on survival curves. Growth unit size and frequency assay by FAS II
automated image analysis system, growth unit diameter . 60um, 0; > 104pm, 0; _124pm, *; . 149pm, O;
mean±s.e. shown. a: Effect ofmelphalan on growth unit formation from a murine melanoma cell line, CCL. b:
Effects of Actinomycin D on growth unit formation from biopsy cells of human melanoma, patient 8140.
Mean+s.e. are shown, no error bar means s.e. was smaller than symbol.
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